A B S T R A C T Production of active lysosomal enzymes may involve limited proteolysis of inactive high molecular weight precursors. Precursor processing potentially regulates lysosomal enzyme activity. To test whether rabbit cardiac cathepsin D is first synthesized as a precursor and whether prolonged fasting (a condition affecting both cathepsin D and total cardiac protein turnover) influences precursor processing, rates of cathepsin D synthesis and processing were compared in left ventricular slices of control and 3-d-fasted rabbits incubated in vitro with [35S]methionine. 35S-labeled cathepsin D was isolated by butanol-Triton X-100 extraction, immunoprecipitation, and dodecyl sulfate-polyacrylamide gel electrophoresis. Total cardiac protein synthesis was measured by tracer incorporation and normalized for differences in precursor pool size by direct measurement of [35S]aminoacyl-tRNA-specific radioactivity. Relative cathepsin D synthetic rates were obtained by comparing 15S incorporation into cathepsin D with 35S incorporation into all cardiac proteins. Enzyme processing was assessed in pulsechase experiments and assayed by autoradiography. The results indicate that (a) rabbit cardiac cathepsin D is synthesized as a precursor (53,000 mol wt) that is processed to a 48,000-mol wt form, (b) rates of both cathepsin D and total cardiac protein synthesis are similar in control and fasted rabbits, suggesting that decreased enzyme degradation rather than increased synthesis is responsible for the elevated levels of cardiac cathepsin D in starvation, and (c) cathepsin D processing in hearts of fasted animals is incomplete, with accumulation of the precursor during pulse-chase experiments of 6 h duration. Based upon these results, a three-stage model for the regulation of cathepsin D activity in rabbit heart is proposed.
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INTRODUCTION
Established views concerning the regulation of enzyme activity in animal tissues suggest that the amount of intracellular enzyme is dependent on the opposing processes of continual synthesis and degradation (1) . Alterations in enzyme turnover in response to physiologic stimuli are presumed to occur only by the stimuli affecting the rates of these opposing processes. For the study of enzyme turnover, measurements of enzyme activity alone are not sufficient, because factors independent of synthesis and degradation (inhibitors, activators, or activation of previously synthesized inactive enzyme) can alter enzyme activity without affecting enzyme content.
In a previous study (2) we determined that the rate of turnover of rabbit cardiac cathepsin D (EC 3.4.23.5) was decreased by prolonged fasting. Using a sensitive and specific radioimmunoassay, we noted a marked increase in immunoreactive cathepsin D content in the left ventricles of rabbits subjected to fasting for [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] d. However, the increased levels of immunoreactive enzyme were greater than the increased levels of enzyme activity observed, resulting in a significant reduction in the specific activity (activity units per microgram of immunoreactive enzyme) of cathepsin D in hearts of fasted animals. These results suggested that factors other than the rates of synthesis and degradation were responsible for the regulation of enzyme activity. In addition, these data were consistent with the results of previous studies (3, 4) demonstrating a reduction in the overall rate of cardiac protein degradation during starvation in that a partial block in lysosomal proteolysis may have resulted from the presence of increased amounts of immunoreactive cathepsin D possessing little or no enzyme activity (2) .
The existence of a precursor form of the enzyme is one possible mechanism to account for the accumu-lation of immunoreactive cathepsin D with decreased specific activity in the hearts of fasted animals. Regulation of cathepsin D activity, therefore, could be dependent not only on the rates of enzyme synthesis and degradation but also on the rate of precursor activation. Recent evidence from cell-free protein synthesis (5) and cell culture (5, 6) experiments has suggested that lysosomal enzymes are initially synthesized as high molecular weight precursors that are processed by limited proteolysis to smaller active enzymes during intracellular transport and packaging. It is not known, however, whether these precursors are present in significant amounts in adult cardiac myocytes in vivo or whether the proteolytic processing of newly synthesized lysosomal enzyme precursors is subject to physiologic regulation.
Based upon our previous observations and those of others, the aims of the present study were threefold: (a) to determine whether cathepsin D exists as two forms with different molecular weights within rabbit myocardium; (b) to compare the rates of synthesis of cathepsin D protein in left ventricular tissue of control and 3-d-fasted rabbits, and (c) to determine whether alterations in the rate of enzyme synthesis and/or processing might account for the increased levels of cardiac immunoreactive cathepsin D found during prolonged fasting. Data are presented that indicate that the increased amount of cathepsin D protein in hearts of fasted animals results from decreased cathepsin D degradation rather than from increased enzyme synthesis. Moreover, evidence that cathepsin D is present in rabbit heart as a larger molecular weight precursor and that a reduced rate of precursor processing to smaller molecular weight forms occurs in the hearts of fasted animals is reported. These data suggest that the reduced specific activity of cathepsin D noted in hearts of fasted rabbits is due to dilution of the mature enzyme with a larger molecular weight precursor of reduced activity. Purification of rabbit cathepsin D. Cathepsin D was purified to homogeneity from rabbit liver and heart as previously described (7) . Enzyme activity was assayed by the method of Anson (8) , with bovine hemoglobin as substrate.
METHODS
Preparation of monospecific antibody to cathepsin D. Antisera to purified rabbit liver cathepsin D were raised in English short-haired guinea pigs (2) . Monospecificity was demonstrated by double immunodiffusion (9), immunoelectrophoresis (9) , and crossed immunoelectrophoresis (10) in agarose gels (results not shown).
In immunoprecipitation experiments utilizing soluble monospecific antibody, the immunoglobulin G fraction was partially purified by repeated ammonium sulfate precipitation (to 50% saturation) followed by dialysis against 50 mM sodium phosphate buffer, pH 7.4.
In imrnunoadsorption experiments utilizing solid-phase monospecific antibody, guinea pig antibody was further purified by immunoadsorbent affinity chromatography using rabbit liver cathepsin D bound to CNBr-activated Sepharose 4B (11) . The purified antibody thus produced was bound to CNBr-activated Sepharose 4B to yield a solid-phase monospecific immunoadsorbent (11 (1, 000 Ci/mmol; final concentration, 125 nM). After a pulse of 1 h, the radioactive media were removed and replaced with fresh equilibrated media supplemented with 5 mM methionine. At this point half of the tissue slices from each flask were homogenized in 3.5 ml of 20 mM sodium borate buffer, pH 8.4, containing 150 mM NaCl, 270 mM 1-butanol and 2 g of Triton X-100 per liter.' The remaining slices were incu-I As stated in our previous report (2) 1-butanol and Triton X-100 at these concentrations allowed the solubilization of 95-100% of the total cathepsin D enzyme activity present in the homogenates.
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A. idues were redissolved in aqueous 2-mercaptoethanol (5 ml/ 100 ml) and subjected to electrophoresis on horizontal SDSslab gels according to the method of Laemmli (12) . After electrophoresis, the separated proteins were transferred to nitrocellulose sheets by electroblotting (13) , and the stained, dried electroblots were subjected to autoradiography for 3-7 d using X-Omat GXR film (Eastman Kodak Co., Rochester, NY (14) . In addition, 50-MI aliquots were removed into 2 ml of trichloroacetic acid (10 g/ 100 ml) containing unlabeled methionine (400 mg/100 ml). The acid-precipitable protein was analyzed for 35S incorporation as previously described (15 Because conversion of methionine to cysteine was identical in control and fasted tissues (see Table I ) and because the ratio of cysteine to methionine residues in newly synthesized (Fig. 1) . When the tissue slices were incubated in pulse-chase experiments, nearly complete conversion of the labeled 53,000-mol wt form to the 48,000-mol wt species occurred during the time-course of incubation (Fig. 1) . The 48,000-mol wt form of cathepsin D comigrated with the purified enzyme isolated from both rabbit liver and heart. No further processing of the rabbit enzyme to smaller molecular weight forms was detected in these experiments. To obtain quantitative data regarding the rates of total immunoreactive cathepsin D synthesis in tissue slices from control and 3-d-fasted rabbits, 35S incorporation into both the 53,000-and 48,000-mol wt forms of cathepsin D was examined. Validation of incubation system. Using the tissue incubation system described in Methods, 35S incorporation into acid-precipitable TCP (for both control and 3-d-fasted rabbits) was linear for up to 4 h (Fig. 2 A) . In addition, 35S incorporation into TCP of both control and fasted animals increased in proportion to the concentration of [35S]methionine added to the incubation medium (Fig. 2 B) Immunoprecipitates resulting from the reaction of 35S-labeled cardiac extracts from control and 3-d-fasted rabbits and soluble monospecific antibody to cathepsin D were examined by SDS-polyacrylamide gel electrophoresis (Fig. 3) . Although multiple bands were visible on the gels after staining, a broad region of 35S radioactivity spanning the area coinciding with 53,000-48,000 mol wt was detected after the gels were sectioned and counted. Minor 35S-labeled peaks at 85,000 and 100,000 mol wt were frequently observed and probably represented nonspecifically adsorbed proteins. The amount of radioactivity in the 53,000-48,000-mol wt peak (that included both molecular weight forms of the enzyme) was used to calculate the rate of cathepsin D synthesis.
35S incorporation into cardiac cathepsin D isolated from the hearts of 3-d-fasted animals was significantly decreased as compared with control tissue (10.5±0.5 vs. 26.5±4.6 pCi/mg TCP per h for fasted and control animals, respectively, P < 0.01, Table I ). 35S incorporation into acid-precipitable TCP was also significantly depressed in fasted animals (76.4±6.4 vs. 155±22 nCi/mg TCP per h for fasted and control animals, respectively, P < 0.001, Table I radioactivity, rates of TCP synthesis were statistically identical in control and fasted rabbits (Table II) . These results are in agreement with those of Rannels et al. (19) , in which no difference in the rate of TCP synthesis was observed in isolated perfused rat hearts obtained from control and 2-d-fasted animals. Referring to the results obtained for relative cathepsin D synthetic rates in control and fasted animals (Table I) , the absolute rate of cathepsin D synthesis must have been similar (or slightly decreased) in fasted hearts as compared with controls, because the rates of TCP synthesis were identical.
To further compare the events of cardiac cathepsin D synthesis in control and fasted animals, rates of enzyme processing were examined by pulse-chase autoradiography.
Comparative rates of immunoreactive cathepsin D processing. Rates of processing of cardiac cathepsin D from control and 3-d-fasted animals were qualitatively compared by pulse-chase autoradiography (Fig.  4) . As in control tissue, immunoreactive cathepsin D from hearts of fasted rabbits was initially synthesized as a precursor (53,000 mol wt). The 53,000-mol wt form was also converted to the 48,000-mol wt species during the time-course of incubation. However, interconversion of the two molecular weight forms by tissue slices from fasted animals appeared to be incomplete. After a 1-h pulse and 5-h chase, nearly all of the 35S-labeled cathepsin D from control tissue slices migrated with an apparent molecular weight of 48,000, whereas a major portion of the 35S-labeled enzyme from fasted animals was still present as the 53,000-mol wt form. These results were confirmed by densitometric scanning of the autoradiographs (Table III) . (6, 20) . If the higher molecular weight form of rabbit cardiac cathepsin D is indeed inactive, then the accumulation of this immunoreactive (but enzymatically inactive) form of the enzyme would readily account for the results of our previous radioimmunoassay experiments (2). This interpretation is, however, inferential due to kinetic considerations.
A 1-to 4-h delay in the processing of an enzyme with a t½> 24 h might not affect tissue enzyme activity unless the delay in processing persists for longer periods of time. Experimental proof for such a prolonged delay requires pulse-chase incubations of 15-20 h. Because the in vitro left ventricular slice preparation used in the present study is not metabolically stable past 6 h, definitive evaluation of this problem will require in vivo pulse-chase experiments.
Evidence for the accumulation of cardiac cathepsin D in extralysosomal sites during prolonged fasting has been obtained using biochemical (21) , immunohistochemical (21) , and electron immunocytochemical techniques (22) . Starvation produced a significant increase in total as well as nonsedimentable cathepsin D activity in the hearts of rabbits and mice (21) . In addition, immunohistochemical localization of cathepsin D using a fluorescein-labeled antibody produced a diffuse cellular staining pattern reminiscent of the pattern in ischemic myocytic necrosis. More definitive experiments using a horseradish peroxidase-conjugated indirect antibody clearly showed that, although the enzyme was localized to lysosomes in both control and fasted animals, there was a considerable amount of cathepsin D within the sarcoplasmic reticulum of the latter group (22) .
In this context it has been suggested (23) that lysosomal enzymes (after synthesis on ribosomes) are transported across the endoplasmic reticulum membrane and subsequently activated by proteolytic processing before entry into lysosomes. If this hypothesis is correct, then it seems likely that the cathepsin D detected within the sarcoplasmic reticulum of hearts from starved animals (22) may represent morphologic data which correlates to the biochemical evidence of decreased enzyme processing described in this report. Proof of this hypothesis must, however, await subcellular localization studies of the precursor and processed forms.
On the basis of these results, we propose a threestage model for the regulation of cathepsin D activity in rabbit heart. According to this model, cathepsin D is initially synthesized as a 53,000-mol wt precursor (inactive?) that is subsequently processed into an active 48,000-mol wt form and finally degraded into amino acids. Because the rate of cardiac cathepsin D synthesis is similar in control and fasted animals, fasting results in decreased enzyme processing and possibly in decreased enzyme degradation, leading to the accumulation of both active and precursor forms of the enzyme. Fasting would, therefore, lead to increased cathepsin D activity but an overall reduction in the specific activity of the enzyme due to dilution of the active enzyme pool with the larger molecular weight precursor of reduced or no activity. This model places equal importance on the rates of enzyme synthesis, proteolytic processing, and degradation in the ultimate regulation of cathepsin D activity in the heart. The model does not, however, preclude the possibility that each stage of the model is under independent control.
In conclusion, our results may aid in the interpretation of previous studies relating measurements of cathepsin D activity to the in vitro rate of cardiac protein degradation during prolonged fasting (3, 4) . Whereas total cathepsin D activity and lysosomal lability were increased in the hearts of fasted rats, the effect of starvation on the intrinsic proteolytic capacity of this tissue was opposite to that expected on the basis of these lysosomal alterations. The present study dem 
